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The recent discovery of topology-protected charge transport of ultimate thinness on surfaces of
three-dimensional topological insulators (TIs) are breaking new ground in fundamental quantum
science and transformative technology. Yet a challenge remains on how to isolate and disentangle
helical spin transport on the surface from bulk conduction. Here we show that selective mid-
infrared femtosecond photoexcitation of exclusive intraband electronic transitions at low temperature
underpins topological enhancement of terahertz (THz) surface transport in doped Bi2Se3, with no
complication from interband excitations or need for controlled doping. The unique, hot electron state
is characterized by conserved populations of surface/bulk bands and by frequency-dependent hot
carrier cooling times that directly distinguish the faster surface channel than the bulk. We determine
the topological enhancement ratio between bulk and surface scattering rates, i.e., γBS/γSS ∼3.80
in equilibrium. These behaviors are absent at elevated lattice temperatures and for high pump-
photon frequencies and fluences. The selective, mid-infrared-induced THz conductivity provides a
new paradigm to characterize TIs and may apply to emerging topological semimetals in order to
separate the transport connected with the Weyl nodes from other bulk bands.
INTRODUCTION
The recent discovery of topology-protected charge
transport of 3D TIs has led to a promising platform for
exploring both fundamental topological quantum phe-
nomena and technological applications [1–7]. The emer-
gent behaviors associated with this exotic state of mat-
ter, such as spin-locking, helical spin structure, topo-
logical invariant, chiral anomaly and dissipationless cur-
rents [8–13], offer new perspectives for achieving trans-
formational technological applications in spintronics and
quantum sensing, computing and communications [3] be-
yond the current technological limit. One of the current
frontiers for characterizing and understanding topologi-
cal phenomena lies in the fundamental challenge of how
to isolate and disentangle symmetry-protected transport
from bulk conduction. On the one hand, development
and optimization of hot electron transistors and modula-
tors operating at ultra-high THz frequencies will signif-
icantly benefit from the direct probing of ultrafast THz
charge transport on the surface and from a better under-
standing of the fundamental effects of topological spin-
locking on carrier scattering. Although the existence of a
helical Dirac spectrum has been well established in elec-
trical transport [14] and photoemission [8, 15–17], such
experiments are not direct for accessing high-frequency
transport and, thereby, ultrafast helical spin transport
in the THz spectral region has not been clearly identified
yet. This is due, in part, to the limitations of conven-
tional transport characterization methods that are inca-
pable of probing frequency-dependent conductivity char-
acterized by femtosecond (fs) in time and THz in energy
scales. On the other hand, in 3D TIs, the coexistence
and mutual scattering of Dirac and bulk carriers lead
to an intertwined response. Despite recent observations
from static THz measurements of TI samples with sig-
nificantly reduced doping and defects [18, 19], underpin-
ning the intrinsic surface scattering processes from hot
Dirac carriers and their topological enhancement is still
challenging, especially in samples that commonly exhibit
unintentional high density doping into bulk states.
The transport properties of 3D TIs are determined by
carriers in narrowly gapped bulk bands and by gapless
surface states protected by the time-reversal symmetry.
Although the spin-momentum locking of Dirac electrons
increases the conductivity from “atomically-thin” surface
states, its contribution can still be masked by the high
density carrier conduction, at either bulk or interface
states, in static transport measurements, even in films
with 10s of nm thickness. Consequently, very few exper-
imental techniques are capable of isolating and studying
the intrinsic topological transport on the surface, espe-
cially for high Fermi energies. Sophisticated characteri-
zation and sample synthesis are involved, e.g., anisotropic
magneto-transport by adjusting magnetic field directions
[14] and significantly reduced doping and defects by thin
film engineering [19–23]. All of these methods have ei-
ther complications with limited applicability or ambigu-
ity in their interpretation. For example, intrinsic Dirac-
cones could be contaminated with possible gap opening
in very thin samples [20–23]. The separation of surface
and bulk/interface contributions to the static THz con-
ductivity spectra often relies on data fitting with many
parameters without sufficient constraints. For example,
in many cases, they can be fitted equally well with both
single and multiple Drude components [24, 25]. In special
ar
X
iv
:1
80
5.
03
54
0v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 9 
M
ay
 20
18
2cases, a two-dimensional (2D) electron gas at interface
can completely dominate the surface transport that may
lead to thickness-independent conductivity spectra [24].
Recently, ultrafast THz conductivity has been shown
to be promising by providing time resolution able to
distinguish the surface from the bulk responses after
suddenly driving the system out-of-equilibrium [24, 26].
However, the high photon frequency pumping at 1.55 eV
used so far introduces interband excitations from valence
to conduction and other high lying bands at both sur-
face and bulk. Such coupling causes population transfer
between surface and bulk bands and enhanced scattering
between high-energy states. These complications have
hindered clear observation of intrinsic carrier scattering
and dynamics on the surface in spite of several very in-
teresting ultrafast optical pumping studies [24, 26].
Selective mid-infrared (mid-IR) pump-THz probe
spectroscopy represents a powerful and versatile tool,
never used before, that allows us to measure surface
transport in TIs, even for Fermi level EF into the bulk
bands. We emphasize several strategic advantages of this
scheme. First, in contrast to interband photoexcitation
that couples high energy electronic states between two
bands, mid-IR photoexcitation exclusively excites intra-
band transitions near EF. Here the photon energy is
well below the insulating bandgap and Fermi energy, il-
lustrated in Fig. 1(a), which at low temperatures sup-
presses phonon-mediated scattering leading to surface-
bulk charge transfer [15]. This allows measurement of in-
trinsic scattering rates and relaxation pathways for fixed
number of surface and bulk carriers and strongly con-
strains the fitting parameters. In particular, only scat-
tering rates are free parameters due to the conserved sur-
face/bulk populations for mid-IR photoexcitation. Ad-
ditionally, our time resolution can separate intrinsic sur-
face from bulk conductivity via their different hot carrier
cooling times, i.e., resolve the issue directly in the time
domain. The extracted spectra fully characterize THz
response functions as the complex frequency-dependent
conductivity. In this way we can determine the intrin-
sic surface electron scattering rates and their ultrafast
dynamics, complimentary to commonly used transport
[14] and photoemission [8, 15–17] measurements. Finally,
comparison of the conductivity for selective photoexcita-
tions below and above the interband transition enabled
by tuning the pump photon energy allows the separa-
tion of carrier dynamics within individual surface/bulk
bands from surface-bulk charge transfer. The pump pho-
ton energy tuning scheme achieved allows us to control
the surface transport optically in a selective way. How-
ever, in contrast to the several interband photoexcitation
studies performed in TIs [24, 26], mid-IR pump induced
conductivity experiments have not been carried out so far
to reveal the elusive, ultrafast surface transport discussed
above.
Here we report ultrafast THz charge transport and dy-
namics in n-type Bi2Se3 that arise from non-equilibrium,
yet conserved electron populations, Dirac surface and
bulk transient states induced by intraband fs mid-IR
photoexcitation. We observe frequency-dependent car-
rier cooling times of photoinduced THz conductivity that
clearly differentiate surface from bulk contributions and
allow determination of their scattering rates. Most in-
triguingly, we show that the topological enhancement of
surface transport suppresses the surface electron scatter-
ing rate as compared to the bulk, i.e., γBS/γSS ∼3.80 in
equilibrium. This result is consistent with surface heli-
cal spin transport in the presence of short-range disorder
[27]. The distinct spectral-temporal characteristics ob-
served here are absent for elevated lattice temperature,
high pump photon frequency and high fluence. Under
the latter conditions, the ultrafast conductivity dynam-
ics is characterized by frequency-independent carrier cool-
ing times due to bulk-surface charge transfer within ∼10
ps, which is driven by phonon-mediated scattering due
to interband optical excitation and lattice heating. We
achieve all these results this via selective mid-IR pump-
ing em only, i.e. by suppressing all interband transitions
that mask the processes of main interest. This unique
approach is distinctly different from any prior THz trans-
port measurements so far, which have used either high en-
ergy optical frequency photoexcitation or only detected
time-averaged properties. Separation of the intraband,
mid-IR-pump-induced THz conductivity provides a pow-
erful method for isolating the surface transport channel in
TIs – unhindered by complications from interband pump-
ing or high density doping into bulk states. The dis-
tinct spectral-temporal characteristics obtained in this
way in TIs may be extended to study and understand
much broader topological phenomena, e.g., topological
semimetals which is limited by the inability to separate
the transport behaviors connected with the Weyl nodes
from other (trivial) bulk bands [28].
RESULTS
Our mid-IR pump and THz probe spectrometer is
driven by a 1 kHz Ti:sapphire regenerative amplifier
which has 800 nm central wavelength and 40 fs pulse
duration [29]. The majority of the output is used to
pump an optical parametric amplifier to generate mid-IR
pulses tunable from 3-15 µm (or 83-413 meV) allowing
for selective intra- and inter-band photoexcitation. The
other part of the output is used to generate and detect
phase-locked THz electric fields in time-domain via op-
tical rectification and electro-optic sampling in a 1 mm
thick ZnTe crystal, respectively. THz fields with a band-
width from 0.5THz to 2.5 THz (2-10.3 meV) are used as
a probe beam. The measurement scheme is briefly illus-
trated in Fig. 1(a), in which mid-IR pump (red) pho-
toexcites the sample and THz pulse (light blue) probes
photoinduced responses of the sample. The transmit-
ted THz pulse containing spectral amplitude and phase
information of the sample is directly measured in time-
domain using an optical gate pulse. The Bi2Se3 thin film
3FIG. 1. Ultrafast mid-IR pump and THz probe spectroscopy for Bi2Se3. (a) Schematic of the surface and bulk
electronic band structures of the Bi2Se3 film with Fermi level (EF) indicated, illustrating mid-IR intraband excitations and
THz conductivity detection. (b) Static THz spectra of σ1(ω) and ε1(ω) (red dots) of the Bi2Se3 film at T=5 K. Shown together
are the theoretical fitting (gray lines) using the composite THz model from Eq. (1). (c,d) A 2D false-color plot of pump-
induced THz field changes ∆Esample as a function of gate time tgate (horizontal axis) and pump-probe delay ∆tpp (vertical
axis) after 248 meV (5 µm) photoexcitation of the sample at (c) T=300 K and (d) T=5 K, respectively. Plotted together are
the corresponding static THz fields Esample(tgate) (green curves) and their pump-induced changes ∆Esample(tgate) at ∆tpp=1
ps (blue curves, ×5, from the cut positions as marked by the blue dashed lines), in order to compare their relative amplitude
changes and phase shifts at different temperatures.
sample, 50 nm thick, is grown by molecular beam epi-
taxy on a 0.5 mm thick sapphire substrate. The sample
is mounted together with a 0.5 mm thick pure sapphire
substrate, used as a reference, into a cryostat with tem-
peratures down to T=5 K. Two copper mounts with the
same aperture are placed directly in front of the sample
and reference to ensure uniform photoexcitation and ac-
curate comparison of their THz transmission. The setup
is enclosed in a N2 gas purge box. The sample studied
has a Fermi energy EF ∼60 meV from the bulk conduc-
tion band edge (Fig. 1(a)), as estimated from the mea-
sured plasma frequency in the static THz conductivity
spectra shown in Fig. 1(b). The gray lines are theo-
retical fittings that are discussed later. The estimated
Fermi energy is consistent with the difference between
the separately measured, interband optical transition on-
set Einter ∼390 meV using Fourier transform infrared
(FTIR) spectroscopy (see Supplementary Material) and
the bulk insulating bandgap Eg ∼332 meV [30], which
yields a similar EF = Einter − Eg ∼58 meV.
We characterize the nonequilibrium THz responses of
the Bi2Se3 thin film by extracting the real parts of the
transient conductivity σ1(ω,∆tpp) and dielectric func-
tion ε1(ω,∆tpp) as a function of both the frequency ω
and the pump-probe delay time ∆tpp. These spectra
describe the dissipative and inductive parts of the re-
sponse functions of quasi-particles, respectively, and are
extracted from raw THz fields in time-domain, which are
measured as a function of gate time tgate after transmis-
sion through (i) the reference bare substrate Eref(tgate),
(ii) the unexcited sample Esample(tgate), and (iii) as
pump-induced change ∆Esample(tgate,∆tpp) after pump-
probe delay ∆tpp. Figs. 1(c)-1(d) show the 2D false-
color plots of ∆Esample(tgate,∆tpp) after below gap pho-
toexcitation at 248 meV (5 µm) for high (300 K) and
low (5 K) temperatures, respectively. Also plotted in
the above figures are the corresponding Esample(tgate)
(green curves) and pump-induced change ∆Esample(tgate)
at ∆tpp=1 ps (blue curves). For the unexcited sam-
ple, through the fast Fourier transformation and Fres-
nel equation, the static THz conductivity, shown in
Fig. 1(b), is directly obtained from the experimen-
tally measured complex transmission coefficient t˜(ω) with
spectral amplitude and phase information by compar-
ing the fields transmitted through sample and reference,
i.e., t˜(ω) = Esample(ω)/Eref(ω) without the need for
Kramers-Kronig transformation. For the excited sample
at ∆tpp, the complex transmission coefficient is obtained
by t˜excited(ω) = [∆Esample(ω) + Esample(ω)]/Eref(ω) and
is used to simultaneously extract the photoexcited tran-
sient conductivity and dielectric function. Afterwards,
the pump-induced change ∆ε˜(ω) = ε˜excited(ω) − ε˜(ω) is
extracted. The corresponding complex conductivity can
be calculated by the equation σ˜(ω) = i[1 − ε˜(ω)]ωε0.
4FIG. 2. Frequency dependent dynamics of THz spectra at low temperature. Pump-induced THz spectra of (a,b)
∆σ1(ω) and (c,d) ∆ε1(ω) after 248 meV (5 µm) photoexcitation with fluence 12 µJ/cm
2 at T=5 K as a function of pump-
probe delay ∆tpp. (a) and (c) show the THz spectra from three cut positions from the corresponding 2D plots of (b) and (d),
respectively, at ∆tpp=1, 5.4, 15.4 ps, as indicated by the white dashed lines. (e) THz conductivity at 2 meV, i.e., ∆σ1(2meV)
(black dots, left axis), as a function of ∆tpp, from the frequency-cut position in (b) as indicated by the red dashed line. The
scattering rate of the surface state γSS (red curve, right axis) obtained from theoretical fitting using Eq. 1 is plotted together
to compare relaxation dynamics. (f) Similar to (e), THz conductivity at 7 meV ∆σ1(7meV) (black dots, left axis) and the
scattering rate of bulk state γBS (green curve, right axis) are plotted. ∆σ1(7meV) is from the frequency-cut position in (b) as
indicated by the green dashed line. As shown clearly, the relaxation dynamics of the surface (bulk) scattering rate matches
with that of THz conductivity at 2 meV (7 meV) very well. This frequency dependent THz relaxation dynamics indicates
surface (bulk) state is more sensitive to low (high) THz frequency.
The simultaneously obtained real parts of transient con-
ductivity change ∆σ1(ω) and dielectric function change
∆ε1(ω) as a function of ∆tpp are presented in the study,
which allow us to quantitatively describe the ultrafast
dynamic evolution of the photoexcited Dirac and bulk
fermions and their intrinsic scattering processes.
The pump-induced raw THz fields in Figs. 1(c)
and 1(d) exhibit a distinctly different temperature de-
pendence. At 300 K, the transmitted field change
∆Esample has a pi phase shift relatively to the static
field Esample without any other frequency- and time-
dependent changes. This behavior is characteristic of an
absorption-dominated response, i.e., a large increase in
σ1(ω). On the other hand, at low temperature T=5 K, a
large inductive response ε1(ω) appears in addition to the
dissipative one, as manifested by a significant frequency-
and time-dependent THz field reshaping besides the dom-
inant pi phase shift as in the 300 K case. These dis-
tinct spectral-temporal characteristics give rise to several
salient features in the extracted, THz response functions
∆σ1(ω) and ∆ε1(ω), shown in Figs. 2(a)-2(d), that al-
low us to separate and measure the intrinsic surface and
bulk transport contributions to the conductivity without
reference to any theoretical model as discussed next.
The first feature, shown in Figs. 2(a)-2(b), is that
the pump-induced THz conductivity spectra ∆σ1(ω) ex-
tracted from the measured time-dependent THz fields ex-
hibit a clear bi-polar behavior with frequency-dependent
cooling times under intraband excitation (248 meV) at
low temperature (5 K). Specifically, as shown by com-
paring three time-cut spectra (white dashed lines in Fig.
2(b)), ∆σ1(ω) at early times (∆tpp<5 ps) is character-
ized by a strong bleaching, i.e., a negative conductiv-
ity change, in the low frequency 2-3 meV range. This
changes to a strong absorption, i.e., positive conduc-
tivity change, towards high frequencies up to ∼7 meV,
as seen in the 1 ps trace (black dots in Fig 2(a)). At
∆tpp>5 ps, the low frequency bleaching has quickly di-
minished, and the transient spectra are dominated by
the high frequency absorption with longer cooling times,
e.g., as shown in the 5.4 ps (red dots) and 15.4 ps (blue
dots) traces. The frequency cuts of the ∆σ1(ω) spec-
tra from Fig. 2(b) are summarized in Figs. 2(e) (at ω=2
meV) and 2(f) (at ω=7 meV) (black dots) as a function of
∆tpp. Clearly, the cooling times depend on the probe fre-
quency, i.e., the faster (slower) cooling for ultrafast THz
5FIG. 3. Frequency independent dynamics of THz spec-
tra at high temperature. (a) Pump-induced THz spectra
of ∆σ1(ω) after 248 meV (5 µm) photoexcitation with flu-
ence 12 µJ/cm2 at T=300 K as a function of pump-probe
delay ∆tpp. (b) THz conductivity ∆σ1(ω) from three cut po-
sitions from (a), at ∆tpp= 1, 5, 16 ps, as indicated by the
white dashed lines. (c) THz spectra of ∆ε1(ω) at ∆tpp=1 ps
for 5 K (gray dots) and 300 K (black dots), the amplitude of
which is much smaller at high temperature, opposite to low
temperature ones in Figs. 2(c) and 2(d). (d) The compar-
ison of THz conductivity ∆σ1(ω) at three frequencies: 2, 5,
7 meV, as a function of ∆tpp (scaled to match amplitude),
from three frequency-cut positions from (a) as indicated by
magenta, blue, and black dashed lines, respectively. The fre-
quency independent relaxation dynamics of ∆σ1(ω) indicates
the strong coupling of surface and bulk states that make them
decay together at high temperature.
conductivity change at low (high) frequency. The char-
acteristic cooling time for the 2 meV probe is τSS=1.48
± 0.14 ps, significantly shorter than that for the 7 meV
probe τBS=5.30 ± 0.18 ps. Such a frequency dependent
decay of THz electron transport is consistent with the
significant THz pulse reshaping seen in Fig. 1(d), which
indicates more than one cooling channel of hot electrons.
Second, to understand these experimental results, we
recall that prior ultrafast THz responses from photoex-
cited graphene with similar Dirac conical band structure
have been shown to exhibit a similar transient bleaching
of THz conductivity [31]. While much more complicated
dynamics are reported in Bi2Se3 samples, where a de-
crease in their thickness has been shown to induce a tran-
sition to a “surface-like”, pronounced bleaching behavior
that differs from a “bulk-like”, absorption one [26]. The
latter is expected from the ionized impurity scattering
in the bulk which decreases scattering rate after pump-
ing at low temperatures [32] and gives rise to a positive
∆σ1(ω) towards zero frequency (refer to Fig. 4 for de-
tails). Therefore our results show that THz transport and
dynamics of surface and bulk fermions can be selectively
separated in time and measured by tuning probe fre-
quency. Most intriguingly, upon closer scrutiny, the time-
dependent scattering rates of surface Dirac (red line) and
bulk (green line) fermions in Figs. 2(e) and 2(f) match
very well with the conductivity dynamics at 2 meV and
7 meV, respectively. These scattering rates are extracted
by fitting the time-dependent conductivity data as dis-
cussed later. This clearly shows that the experimentally
obtained ∆σ1(ω) probed at 2 meV can be used to directly
measure surface transport dynamics, distinctly different
from bulk conduction (at 7 meV), without reference to
theoretical models.
The third feature is that increasing the lattice tem-
perature leads to an induced absorption behavior over
the entire frequency range measured with a frequency-
independent single cooling time, as shown in Fig. 3.
Strikingly, this high-temperature behavior is opposite
to the low temperature conductivity responses in Fig.
2. This is consistent with the different, raw THz fields
∆Esample between T=5 K and 300 K seen in Figs. 1(c)-
1(d). Specifically, the pump-induced ∆σ1(ω) spectra at
300 K, shown as 2D false color plot in Fig. 3(a), are
all positive, ∆σ1(ω) >0, without the negative bleaching
component over the measured time and spectral range.
The relative change of conductivity, ∆σ1/σ1 at 300 K
dominates that of dielectric function, ∆ε1/ε1. For ex-
ample, ∆σ1(ω) has similar amplitude at 5 K and 300 K
as shown in Figs 2(a) and 3(b), but ∆ε1(ω) at 300 K
is decreased to ∼one order of magnitude smaller than
its counterpart at 5 K, as shown in Figs. 2(c) and 3(c)
(also see the Supplementary Material). Since phonon-
mediated coupling and charge transfer between surface
and bulk are activated above the Debye temperature at
182 K [15, 33], the dominance of positive ∆σ1(ω) at
300 K is consistent with our conclusion that the bulk
transport and surface-bulk charge transfer dominate at
high temperatures and lead to the induced absorption.
This suppresses the induced bleaching from the surface
seen at 5K in Fig. 2(a). One the other hand, the fre-
quency dependent cooling times previously seen at 5 K
are no longer present at the elevated temperature. As
shown in Fig. 3(d) the THz conductivities ∆σ1(ω) at
ω=2, 5, and 7 meV as a function of pump-probe delay
∆tpp, now decay with the same time at 300 K. The cool-
ing time of ∼4.8 ps is similar to the bulk state cooling
time τBS observed at 5 K. These observations corroborate
again our claim that the low frequency conductivity at
2 meV, with faster cooling time observed at 5 K, comes
from surface transport that is separated from the bulk
channel. Furthermore, these distinct differences between
high and low temperatures in ultrafast charge transport
suggest that surface-bulk charge transfer in TIs is sup-
pressed at low temperature, i.e., conserved transient pop-
ulations within surface and bulk bands, because of lack-
ing phonon-mediated scattering process.
To put these physical pictures on a strong footing, we
6quantitatively simulate the experimentally determined
THz response functions ∆σ1(ω) and ∆ε1(ω). By extract-
ing the temporal evolution of surface and bulk conduc-
tivity spectra, we obtain the intraband scattering rates
and ultrafast dynamics of both Dirac (red line) and bulk
(green line) fermions, as presented in Figs. 2(e) and 2(f),
respectively. A theoretical model consisting of contribu-
tions with Drude and Lorentzian lineshapes is used to
reproduce the measured THz response functions. Specif-
ically, two Drude terms account for surface (SS) and
bulk (BS) states plus one phonon oscillator centered at
ω0 ∼7.7 meV (1.9 THz),
ε˜(ω) =
∑
j=SS,BS
ε˜Drudej (ω) + εph(ω) =
ε∞ −
∑
j=SS,BS
(ωp)
2
j
ω2 + iωγj
+
F
(ω0)
2 − ω2 − iωΓ ,
(1)
where ε∞ is the background electrical permittivity and
the plasma frequency (ω2p)j = ne
2/ε0m
∗ is proportional
to the density of charge carriers of surface (nSS, j=SS)
and bulk (nBS, j=BS) electrons. ω and e are the fre-
quency and electron charge. ε0 and m
∗ are the vacuum
electrical permittivity and carrier effective mass. γj is the
scattering rate of surface (j=SS) and bulk (j=BS) carri-
ers. In the last term of Eq. 1, F denotes effective tran-
sition strength of the optical phonon with resonance fre-
quency ω0 and scattering rate Γ. Such a composite THz
response model provides an excellent agreement with the
pump-induced transient THz spectra over the entire mea-
sured pump-probe delays and spectral range as shown in
Fig. 4 (cyan lines). Such fit is achieved by only varying
the scattering rates γ of surface and bulk carriers, i.e., the
charge carrier densities of surface (nSS) and bulk (nBS)
states remain constant in the fits. Please also note that
the optical phonon resonance ∼7.7 meV is fitted by F ,
ω0, and Γ of the Lorentzian oscillator which only affect
locally feature near the resonance. Examples of typical
fits are shown in Fig. 4 at various time delays, ∆tpp=1
ps, 5.4 ps, and 15.4 ps. The model fit (cyan lines) is di-
vided into the sum of the surface (green dashed lines),
bulk (blue dashed lines) and phonon (magenta dashed
lines) responses.
We like to emphasize three key observations from the
quantitative fitting. First, while the static THz spec-
tra, shown in Fig. 1(b), can be fitted equally well with
either single or multiple Drude components, the tran-
sient THz spectra, shown in Fig. 4, can only be fit-
ted by the two-Drude model. This is the case because
the strong constraint imposed by the requirement to si-
multaneously describe both the conductivity ∆σ1(ω) and
the dielectric function ∆ε1(ω) over a broad temporal and
spectral ranges, shown in Figs. 2(a)-2(d), instead of just
fitting the lineshape as in the static case. Second, an
even stronger constraint comes from the intraband, mid-
IR excitation scheme that conserves the fixed number of
surface and bulk quasi-particles after the photoexcita-
FIG. 4. Theoretical fitting of the pump-induced THz
spectra. (a,b) The fitting of ∆σ1(ω) and ∆ε1(ω) for 248
meV (5 µm) photoexcitation with fluence 12 µJ/cm2 at T=5
K and pump-probe delay ∆tpp=1 ps. The experimental re-
sults (red dots) are fitted very well by the THz model from
Eq. 1 (cyan lines), which consists of three individual com-
ponents, i.e., the Dirac surface state (green dashed lines),
bulk state (blue dashed lines), and optical phonon mode (pink
dashed lines). The fitting results for (c,d) ∆tpp=5 ps and (e,f)
∆tpp=16 ps are plotted in the same manner as (a,b).
tion, i.e., carrier densities of both surface and bulk states
are kept constant in the fitting, ∆nSS=0 and ∆nBS=0.
Remarkably, by simply varying the surface and bulk scat-
tering rates we are able to consistently reproduce the
experimental results, as shown in Fig. 4, and extract
the scattering rates (or inverse transport lifetimes that
should not be confused with hot carrier cooling times)
γSS (red line), γBS (green line) and their cooling dynam-
ics in Figs. 2(e) and 2(f). On the flip side, this excel-
lent agreement corroborates our conclusion that mid-IR
photoexcitation creates a unique nonequilibrium state of
hot, yet conserved, Dirac fermions and bulk carriers in
their respective bands. Third, the equilibrium surface
and bulk scattering rates, γSS and γBS extracted before
the photoexcitation are 0.84 THz and 3.18 THz, respec-
tively, which reveal an enhancement ratio, γBS/γSS ∼3.8.
Remarkably, this value matches very well with the topo-
logical enhancement factor, 4, for protected, helical spin
transport of non-interacting fermions in the presence of
short-range disorder such as structural defects and sur-
face or interface roughness. In the presence of long-range,
Coulomb disorder, this enhancement decreases from 4
to 2 due to increase of screening [27]. Furthermore, as
shown in Figs. 2(e)-2(f), the scattering rates of the sur-
face Dirac and bulk fermions nearly coincide with the
frequency-dependent decay of ∆σ1(ω) for 2 meV and 7
7FIG. 5. Ultrafast THz dynamics under interband and
intraband photoexcitations. Pump-induced THz field
changes ∆Esample as a function of pump-probe delay ∆tpp
after (a) 390 meV (3.18 µm) and (b) 248 meV (5 µm) pho-
toexcitations at various fluences and T=5 K. The gate time
tgate is fixed at the peak of the static THz field shown in
Fig. 1(d). One of the THz traces from (a) (pink curve, 1.6
µJ/cm2) is also plotted in (b) as a filled gray curve for better
comparison.
meV probe, respectively. This corroborates again that
tuning the THz probe frequency under mid-IR pump can
be used to disentangle the distinct symmetry-protected
transport from the bulk conduction and measure their
dynamics without reference to theoretical models.
To highlight the difference between the intraband ex-
citation scheme used in this work and the interband ex-
citation found in previous literature, Figs. 5(a) and 5(b)
compare the ultrafast THz dynamics under 390 meV
(3.18 µm) and 248 meV (5 µm) pumping, respectively.
The former resonantly excites interband transitions in
our bulk Bi2Se3 sample (Fig. 1(a)). Here, for simplic-
ity, we show the THz field change ∆Esample by fixing the
gate time tgate at the peak of the static THz field as a
function of pump-probe delay ∆tpp, similar to previous
studies [24, 26]. Unlike the above-obtained frequency-
dependent conductivity ∆σ1(ω) dynamics that closely
follows the pump-induced change of surface/bulk scat-
tering rates, ∆Esample measured at a fixed gate time
originates from frequency-integrated responses within the
measured spectral range ∼2-10 meV. This frequency av-
erage leads to more complicated dynamics that may come
from all relaxation channels of opposite signs as shown
in Fig. 2. Nevertheless, Fig. 5 shows that there is still
a distinct difference between the interband (Fig. 5(a))
and intraband (Fig. 5(b)) pump excitation schemes. On
the one hand, with resonant interband pump excitation
at 390 meV (inset, Fig.5(a)), ∆Esample at several pump
fluences shows two main decay features: (1) a dominant,
fast “overshoot”, which exhibits fluence-dependent am-
plitude and quickly diminishes within ∼4 ps; (2) a slow,
100s of ps component which is fluence independent, i.e.,
the ∆Esample for all fluences merge and decay together
after ∼100 ps. On the other hand, with intraband excita-
tion at 248 meV (inset, Fig. 5(b)), the fast “overshoot”
component is absent in the THz responses at low flu-
ences 612 µJ/cm2, the fluence used for mid-IR pumping
in Figs. 1-4. A distinct difference is clearly visible be-
tween interband pumping and intraband pumping with
low fluence, e.g., the 7 µJ/cm2 (cyan) and 9.5 µJ/cm2
(green) traces. Interestingly, increasing the mid-IR pump
fluence to 19 µJ/cm2 (red line in Fig. 5(b)) leads to a
transition to a decay profile where a fast “overshoot”
component now appears similar to the interband pho-
toexcitation, e.g., the 390 meV excitation scan at 1.6
µJ/cm2 (pink line in Fig. 5(a)). For a better compari-
son, this pink curve is also plotted in Fig. 5(b) as a filled
gray curve which resembles the 248 meV excitation scan
at 19 µJ/cm2, unlike for the lower fluences. This reveals
the same relaxation mechanism between the two, which
can be attributed to the two photon absorption (TPA)
present in the high fluence, mid-IR pumping case. This
excites interband transitions in our sample in spite of
below gap pump photon energy. The dynamics of Bi2Si3
under high photon energy pumping have been extensively
studied recently and the few ps relaxation component is
mainly from bulk-surface charge transfer that can give
the “overshoot” feature after interband carrier injection
[16]. The absence of such process in the mid-IR pumping
below ∼12 µJ/cm2 is consistent with our observation of
a conserved Dirac fermion transient distribution induced
by mid-IR pulses.
In conclusion, we have provided the first measurement
and insights into the intraband, mid-IR pump-induced
THz conductivity. We achieve this by suppressing all
interband transitions that mask the processes of main
interest which is distinctly different from any prior THz
transport measurements so far. This allows us to iso-
late and measure the intrinsic transport behaviors of
Dirac fermions with conserved populations on the sur-
face of doped Bi2Se3. This scheme enables a clear ob-
servation of enhanced surface transport, which provides
evidence for helical spin structure of surface (Dirac) elec-
trons that suppresses backscattering. The pump photon
energy tuning achieved in this way also allows us to con-
trol the surface transport optically in a selective way. Our
experiments may evolve into a benchmark characteriza-
tion method for high frequency topological transport in
TI-based device development, and motivate fundamental
quantum phase discovery and ultrafast control at the in-
terface between magnetism and electronic topology, e.g.,
magnetic Weyl semimetals.
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